Abstract The entrainment and impingement of fish into water diversion infrastructure is one of the several factors contributing to their decline. Here, controlled experiments assessed the potential for a behavioral guidance device [a light-emitting diode (LED) light array] strobing at various spectra to reduce the entrainment of juvenile Chinook salmon (Oncorhynchus tshawytscha) into a water diversion pipe. Fish were tested during the day and night, and under control conditions (light off) and red, blue, and white spectra strobing at 2 Hz. Fish entrainment into the diversion pipe was evaluated. Results indicated greater entrainment at night compared to day. All trials at night with the LED light strobing had higher entrainment than the control, with blue and white spectra corresponding to greater entrainment than red spectra. During the day, the white spectra treatment was different from the red treatment, with lower entrainment. LED lights employed to repel migratory juvenile salmon away from water intake structures may be ineffectual but there is potential for the light to be used as an attractant to guide fish towards desirable features such as ''safe'' areas (bypass channels or fishways).
Introduction
Hydropower infrastructure, such as dams and water diversions for irrigation, fragment freshwater river systems with detrimental effects to biodiversity and ecosystem functioning (Fahrig, 2003; Dudgeon et al., 2006; Vörösmarty et al., 2010) . In California, agricultural development and the subsequent construction of levees has resulted in the installation of over 3700 water diversion structures on the Sacramento and San Joaquin rivers. These divert, in an average year, more than 40% of the rivers' flow to supply 80% of the agricultural and urban water uses (Hanak et al., 2011; CDWR, 2014) . These diversions pose a significant entrainment threat to fish species, including outmigrating Chinook salmon [(Oncorhynchus tshawytscha, (Walbaum, 1792) ] smolts, as fish can either get impinged or inadvertently drawn with the water and transferred into machinery and irrigation ditches (Coutant & Whitney, 2000; Herren & Kawasaki, 2001; Kimmerer, 2008; Mussen et al., 2013 Mussen et al., , 2014a Mussen et al., , b, 2015 . These processes are one of the several contributing factors to the decline of Chinook salmon in California's central valley, USA . The Sacramento River winter-run Chinook salmon was classified as Endangered under the state and the federal Endangered Species Act (ESA) in 1989 and 1994, respectively, and the Central Valley spring-run Chinook salmon was listed as Threatened under both the state and federal ESA's in 1999 (CDFW, 2014) . There is a continued need to create affordable and effective solutions to reduce fish entrainment at water intake structures without reducing the volume of water extracted.
Fish screens are generally effective at minimizing juvenile salmonid entrainment into water diversion infrastructure (Swanson et al., 2004; Gale et al., 2008; Walters et al., 2012; Mussen et al., 2015) ; however, they are costly to install and maintain. Fish screens have been installed at many large water diversion projects in California and are required by law to be installed on new or renovated water diversion structures; however, 95% remain unscreened (CDFW, 1996; Calfish, 2012) . Exploiting a fish's innate behavioral response to visual, auditory, or tactile environmental stimuli is a promising method to distance fish from harmful infrastructure, either by repelling fish from a dangerous path or directing them to a favorable path such as a bypass channel (Coutant, 1999; Noatch & Suski, 2012) . For example, Mussen et al., (2014a) and (2014b) showed that a vibrating ring reduced entrainment into a water diversion pipe during the night (see also Knudsen et al., 1997) . Lighting is an appealing alternative or addition to screens as it may be less costly to maintain (as it does not accumulate as much debris) and it does not decrease water extraction rates.
The use of white strobe lighting or mercury vapor bulbs has had mixed results in guiding juvenile Chinook. In large low-velocity water bodies they have been shown to repel juvenile Chinook (Nemeth & Andersen, 1992; Brown, 2000; Mueller et al., 2001; Johnson et al., 2005; Richards et al., 2007) ; however, in hydraulic conditions that more accurately simulate rivers, juvenile Chinook salmon were initially repelled but then attracted to white strobe lights (4 9 200 lumens flashing white light-emitting diode) (Mussen et al., 2014a ) which increased entrainment. Kock et al. (2009) similarly found increased entrainment of juvenile salmonids when using white strobe lighting [(Oncorhynchus mykiss (Walbaum, 1792) ]. Additionally, differences in light intensity can change the stimulus from being repulsive to attractive (Nemeth & Andersen, 1992) and the required power for this type of lighting is a major implementation cost (Patrick et al., 1985; Brown, 2000; Richards et al., 2007) . More recently, therefore, work has begun exploring a range of light frequencies and strobe frequencies of lightemitting diodes (LEDs) for improved performance Hansen et al., 2018; Ford et al., 2017 Ford et al., , 2018 .
Using different light spectra is a promising tool for behavioral guidance of fishes as spectral sensitivity varies among species (Lythgoe, 1980) . Proximately, the wavelengths fish are sensitive to are determined by the types of photoreceptors in their retina (and the ratios of visual pigments within these photoreceptors). But ultimately, spectral sensitivity is determined by the species' evolutionary history, notably the influence of environmental light on predator-prey interactions (Lythgoe, 1979 (Lythgoe, , 1980 Munz & McFarland, 1977; Levine & MacNichol, 1979; Douglas and Hawyshyn, 1990) . While sensitivity to certain wavelengths is a good indication that these wavelengths are useful for detecting objects in the water column (Levine & MacNichol, 1982; Novales-Flamarique & Hawryshyn, 1993 , 1994 , the attractiveness or repulsiveness of different spectra will be strongly affected by environmental context and can only be determined behaviorally.
Strobing different colored LED's has proven to be effective at behaviorally repelling or attracting a variety of fish species (e.g., Ford et al., 2017 Ford et al., , 2018 Elvidge et al., 2018) . Pacific salmon (Oncorhynchus sp.) have broad-spectrum color vision (Niwa & Tamura, 1969; Nakano et al., 2006) , although spectral sensitivity varies throughout their life cycle and with changing environmental conditions (Beatty, 1966; Tsin & Beatty, 1977; Cheng & Novales-Flamarique, 2004; Novales-Flamarique, 2005) . Out-migrating Chinook salmon smolts are at the greatest risk of entrainment relative to other periods of their lifecycle, and at this time [100-140 days post-hatch (dph)] spectral sensitivity shifts to 600 nm (redder) in the L-wavelength cones (Novales-Flamarique, 2005) . Recent work exposing Chinook salmon smolts to different spectra emitted from an LED behavioral guidance device in the lab found that red light (Lwavelength) had a repulsive effect during the day, but not at night (Hansen et al., 2018) . There was also some evidence of a potentially attractive response of fish to blue (S-wave) and green (M-wave) light during the day (Hansen et al., 2018) . These experiments were conducted on small shoals of four fish in a 4000-l indoor flume (250 9 92 cm 2 ) at a water depth of 30 cm and velocity of 0.15 m/s. While the results were informative, from a fisheries management perspective, it is necessary to conduct tests in a larger flume (to more realistically emulate hydropower or irrigation facilities), at greater shoal sizes. It is also important to conduct trials outdoors to mimic natural lighting. Responses of fish to water flow can dominate their behavioral decisions, constraining or reducing their response to other behavioral stimuli (Patrick et al., 1985; Carlson, 1994; Popper & Carlson, 1998; Enders et al., 2009) . Therefore, it is important to test fish in more realistic environmental (including hydraulic) conditions as these more accurately represent conditions near water diversion infrastructure in natural waterways.
The goal of this experiment was to assess the effectiveness of different light spectra (red, blue, white, off-control) at reducing entrainment of outmigrating Chinook salmon smolts into an unscreened water diversion pipe within a simulated river. To assess the potential of different light spectra to behaviorally guide Chinook salmon smolts, we monitored the movement and entrainment of groups of fifty fish (as this species shoals in nature) in a 501,000-l flume simulating river conditions (see ''Methods''). Entrainment was defined as the total number of fish that were pulled into (i.e., entrained) the water diversion pipe during the experiment (see ''Methods''). We hypothesized that red would be the most repulsive spectra (Hansen et al., 2018) with this treatment having the lowest amount of entrainment, and that if any spectra were to be attractive and therefore potentially increase entrainment, it would be blue (Hansen et al., 2018) . Fish were tested during the day and during the night as juvenile salmon often migrate during the night (Ingram & Wilder, 2006; Chapman et al., 2013) and we hypothesized that there may be different effects of light spectra on entrainment depending on time of day (Simmons et al., 2004; Hansen et al., 2018) .
Materials and methods

Experimental animals
The majority of fall-run Chinook salmon in the Sacramento River system are of hatchery origin (Barnett-Johnson et al., 2007) , therefore experiments were conducted with age-0 Chinook salmon acquired from US Fish and Wildlife Service's Coleman National Fish Hatchery (Anderson, California), hatched in March of 2018. Approximately 3000 fish were split equally between two 455L flow though circular tanks supplied with air-equilibrated groundwater from a dedicated well at UC Davis' Center for Aquatic Biology and Aquaculture (CABA). Tanks were held outside in natural light conditions, with fine black mesh lids. Fish were held at 11°C for 2 months before being raised to 15.5°C to increase growth rate. Temperature in the holding tanks was raised to 18.5°C 1 month before being assayed in the experiment to match the ambient temperature of the well water used to supply the flume. Fish were fed ad libitum commercial salmonid diet. Experiments were conducted in July 2018 when fish were * 120-150 days posthatch (dph). The mean ± SE fork length was 9.0 ± 0.04 cm and the mean ± SE mass was 10.9 ± 0.13 g. This size is comfortably within the range of Fall-Run out-migrants (6.0-12.0 cm), as documented by rotary screw trap monitoring (SacPAS).
Experimental flume
Experiments were conducted at UC Davis' J. Amorocho Hydraulics Laboratory in a 501,000-l outdoor flume (18.29 9 3.05 9 3.2 m 3 ) with a simulated riverbank (ramp) located down the entire length of the flume at a 26.6°slope from one wall of the flume to the base. A 0.46-m diameter unscreened diversion pipe was built near the flume's center, above the angled ramp with its base attached to the side of the flume 0.3 m above the ramp to simulate a typical irrigation pipe found along the levees of the Sacramento or San Joaquin river (Figs. 1a, b; 2). The behavioral guidance device was placed on the top of the diversion pipe, facing across the flume (see Fig. 2 ). The device was developed by ATET-Tech, Inc. (Thornhill, ON) as a behavioral guidance device for migratory fishes, designed for use in a field setting. The device (35 9 12 9 9 cm 3 ) consists of 162 LED modules that can each produce red, green, and blue light and strobe rates up to 40 Hz for all color combinations.
Fish were constrained to swimming within the main channel of the flume by stainless steel screens (0.6 cm mesh) placed upstream and downstream. Water depth was maintained at 2.2 m. Water source was the same used for fish housing. A 0.15-m/s sweeping velocity was generated to simulate a river current, and a water withdrawal rate through the pipe of 0.57 m 3 /s. This set-up simulated ecologically and hydraulically relevant conditions common to the Sacramento river and near-identical set-ups have been utilized in several experiments investigating Chinook salmon smolt and green sturgeon Acipenser medirostris (Ayres, 1854) behavior and entrainment (Mussen et al., 2013 (Mussen et al., , 2014a (Mussen et al., , b, 2015 Poletto et al., 2014 Poletto et al., , 2015 Ercan et al., 2017) . A detailed description of the flume and its operational methods can be found in Mussen et al. (2013) .
Experimental protocol
Fish (n = 50 ± 1) were transported (approximately 1.8 km) from their housing at CABA to the experimental flume in a cooler with an air stone, then transferred into a submerged release cage (0.91 9 1.22 9 0.41 m 3 covered in 0.6 cm steel mesh) using a 2.1-m-long, 15.2-cm-diameter PVC tube. The release cage was 9.3 m upstream of the diversion pipe, which provided the fish with the maximum possible distance to orientate themselves to Mussen et al. (2013) the current before encountering the diversion pipe. Prior to fish transfer to the release cage, hydraulic engineers started the flume so that fish acclimatized at the experimental water velocity (0.15 m/s). After a 30-min acclimation period the behavioral guidance device was activated to project the specified treatment color and strobing frequency (2 Hz). A strobing frequency of 2 Hz was used as it is predicted to increase the repulsive effects of light (Brown, 2000; Sager et al., 2000; Noatch & Suski, 2012; Ford et al., 2018) although it had a non-significant effect compared to constant light on Chinook salmon smolt behavior in work by Hansen et al. (2018) . The treatment colors (red, blue, white, and off-control) were chosen based on Chinook salmon smolt spectral sensitivities (Parker & Hawryshyn, 2000; NovalesFlamarique, 2005) and previous results utilizing the behavioral guidance device on Chinook salmon smolts (Hansen et al., 2018) and white sturgeon (Acipenser transmontanus Richardson, 1836), which has similar spectral sensitivities . After acclimation and activation of the guidance device, fish were released via a remote pulley system and the cage was slowly winched out of the water column. Experimental fish were free to explore the flume, swimming upstream and downstream past the water diversion pipe for 60 min. The number of upstream and downstream passages of a cross section aligned with the pipe diversion were recorded by an observer from behind a Perspex viewing window. At the end of the experiment, fish were re-captured from the main body of the flume using a seine net. Fish that were entrained were transported along with the water (via gravity) into an extractable underwater cage with a removable mesh bag located in the tail tank. Non-entrained and entrained fish were placed into separate recovery tanks and were counted, weighed, and measured for FL. Water temperature and turbidity (NTU) were recorded at the beginning and the end of the experiment based on measurements by sensors incorporated into the behavioral guidance device. Water temperature was 21.5°C ± 0.1 (Mean ± SE) and turbidity levels were 301 ± 3.3 NTU (Mean ± SE). Test temperatures were within the bounds of what occurs in nature (CFDG, 2007) . Light readings (lmol/m 2 /s) within the water column surrounding the water diversion pipe were measured during the day and during the night for each spectra treatment using a quantum flux meter (LI-COR LI-1400). Readings were taken 60 cm downstream of the pipe, directly in line with the pipe and 60 cm upstream of the pipe at 30 cm intervals from the pipe's mouth across to the opposite wall (see Table S1 ). One to three trials during the day (09:00-16:30 h) and one to three trials during the night (21:00-04:00 h) were run every 24 h. Each trial was 60 min long.
The experimental design was a 2 9 4-fully crossed factorial, with time of day (day or night) and spectra (off-control, red, blue, or white-all strobing at 2 Hz) as the two factors. Experimenters recorded three dependent variables: (1) Entrainment (E), defined as the total number of fish entrained into the diversion pipe in each trial; (2) number of pipe passages (PP), defined as the number of fish that passed the diversion pipe in each trial; and (3) entrainments per pipe passage (EPP), calculated by dividing entrainment by the number of pipe passages. The number of pipe passages (PP) and entrainments per pipe passage (EPP) were only able to be calculated for the day trials as fish were not visible at night. Number of pipe passages (PP) is a coarse-scale proxy for activity but more importantly also allows for the calculation of entrainments per pipe passage, a metric which allows evaluation of entrainment as a function of the interaction of fish with the water diversion pipe.
Data analysis
All data analysis was conducted in the R computing environment (R Core Team, 2018) using RStudio (v1.1.383) and were done using packages car (Fox & Weisberg, 2011) , lme4 (Bates et al., 2015) , multcomp (Hothorn et al., 2016) , and ggplot2 (Wickham, 2016) . P-values were considered significant at the a = 0.05 level, and significance of all categorical variables in generalized linear models was tested using the Wald v 2 Test. To ensure model assumptions were met, model residuals were graphically evaluated for normality, outliers, and homoscedasticity as appropriate. All post hoc tests used single-step P value adjustments to account for multiple comparisons. Fish size [fork length (FL) and mass] was compared among treatments and among end points (entrained into diversion pipe or remaining in flume) using generalized linear models with a Gaussian error distribution and identity link function for FL, and a Gamma error distribution and an inverse link function for mass.
To explore how treatments affected the likelihood of entrainment, we performed a generalized linear mixed model (GLM, binomial error distribution, and logit link function). We set time of day and spectra as interacting categorical predictor variables to see if they predicted entrainment (E). Mean fish size (FL) per trial and water temperature at the end of each trial were centered and included as additive predictors to control for potential differences in experimental conditions between trials. We ran post hoc comparisons on the interaction treatment to give 16 pairwise comparisons of interest for time of day and spectra out of a possible 28 comparisons.
For trials conducted during the day, we explored whether spectra had an effect on the number of pipe passages (PP) or the entrainment per pipe passage (EPP). Analysis was conducted with GLMs (Poisson error distribution and log link function and binomial error distribution with a logit link function, respectively). Models also included centered variables of mean fish size (FL) in each trial, and water temperature at the end of each trial to account for potential differences in experimental conditions between trials. Post hoc tests of all possible pairwise combinations of spectra (n = 6) were conducted for each model.
All data generated or analyzed during this study are included in this published article (and its supplementary information files).
Results
Generalized linear models indicated that fish size (FL and Mass) were not significantly related to spectra (P = 0.11, P = 0.38, respectively), nor to experimental endpoint (entrained into diversion pipe or remaining in flume; P = 0.06, P = 0.11, respectively). Nor were there significant interactions between spectra and time of day (P = 0.11, P = 0.11 respectively). However, there were significant differences in both size metrics between day and night (Mass: v 2 = 14.63, df = 1, P = 0.0001; FL: v 2 = 5.804, df = 1, P = 0.016), with night experiments having significantly larger fish (Table 1) . The probability of entrainment was significantly related to the interaction between time of day and spectra (v 2 = 41.16, df = 3, P \ 0.0001), with entrainment generally greater during the night than during the day (Fig. 3, Table 1 ). Post hoc analysis showed significantly greater entrainment during the night than the day under the blue spectra (Estimate = 2.79, SE = 0.295, z = 9.43, P \ 0.001), white spectra (Estimate = 4.26, SE = 0.59, z = 7.16, P \ 0.001), and red spectra (Estimate = 1.46, SE = 0.30, z = 4.92, P \ 0.001) but no significant difference between night and day under the control (off) treatment (Estimate = 0.81, SE = 0.43, z = 1.87, P = 0.47). During the night, entrainment was significantly greater under blue and white spectra compared to red spectra (Estimate = 1.27, SE = 0.19, z = 6.65, P \ 0.0001, Estimate = 0.99, SE = 0.18, z = 5.25, P \ 0.0001, respectively) and the control treatment (Estimate = 2.69, SE = 0.29, z = 9.15, P \ 0.0001, Estimate = 2.40, SE = 0.29, z = 8.3, P \ 0.0001, respectively). However, blue and white were not significantly different from one another (P = 0.59). During the day, the only significant difference between entrainment was between the red and white spectra, with lower entrainment in the white light (Estimate = -1.81, SE = 0.63, z = 2.89, P = 0.047). Additionally, the generalized linear model indicated that there was significantly greater entrainment at lower water temperatures (Estimate = -0.48, SE = 0.12, z = -3.92, P \ 0.0001) but there was no significant effect of FL (P = 0.52).
During daytime control trials (LED off) juvenile salmon passed the diversion pipe on average 40.3 times (SE = 12.0) during the 60 min trial period, and had a 0.039 (SE = 0.028) entrainment per pipe passage score. There was a significant effect of spectra on pipe passes (PP; v 2 = 47.1, df = 3, P \ 0.0001) and on entrainment per pipe passage (EPP; v 2 = 31.3, df = 3, P \ 0.0001). Pairwise post hoc tests among the four spectra (n = 6 comparisons) indicated that there were significantly more pipe passes under the white light treatment, and significantly lower entrainment per pipe passage for the white light treatment than all other spectra (Table 1) . Additionally, the generalized linear models indicated that there were significantly more pipe passes in trials with a smaller mean fish size (Estimate = -0.37, SE = 0.06, z = -6.49, P \ 0.0001), and a higher entrainment per pipe passage for trials with a smaller mean fish size (Estimate = -1.50, SE = 0.43, x = -3.49, P \ 0.001). There were no significant effects of water temperature on number of pipe passages or entrainment per pipe passage (P = 0.30, P = 0.19, respectively). 
Discussion
The entrainment of juvenile Chinook salmon smolts was influenced by both time of day and the spectra emitted from an LED behavioral guidance device. Entrainment was significantly higher during the night than during the day. This may have been because fish moved passed the water diversion pipe more at night; however, as fish were not visible at night, this was not quantifiable. When the light was off (control treatment) entrainment was similar during the day and night-which concurs with previous experiments using this flume and species (Mussen et al., 2013) . However, entrainment in the wild is higher for other fish species at night (Nobriga et al., 2004) and juvenile salmon are known to migrate down the Sacramento River at night (Ingram & Wilder, 2006; Chapman et al., 2013) . Thus, further work at water diversion pipes in natural settings should assess whether there is differential entrainment for Chinook salmon smolts depending on time of day, where aspects such as predation risk (that were absent in the flume) may be relevant. In contrast to a previous experiment that used the LED behavioral guidance device with Chinook salmon smolts (Hansen et al., 2018) , the effect of the various spectra treatments was significant during the night. During the night, all wavelengths of light emitted from the behavioral guidance device increased entrainment compared to the control (LED off) treatment. Therefore, rather than repelling the fish away from the behavioral guidance device and therefore the water diversion pipe, light emitted from the device at night seemingly had an attractive effect. This was particularly true for blue and white light which had significantly greater entrainment than red light. This result contrasts to the work with another Pacific salmon species Oncorhynchus masou masou (Brevoort, 1856), where differences in spectra were not found to have any influence in attempts to behaviorally guide the fish (Terazono, 1998) . If blue and white light did indeed attract more fish into the vicinity of the water diversion pipe, it is likely that the inflow velocity was too great for the fish to escape. Portz (2007) determined the burst swimming velocity of similar sized Chinook salmon smolts to be 0.6 m/s, whereas the intake velocity at the water diversion pipe could exceed 2.2 m/s (Ercan et al., 2017) . It is also possible that at close vicinity the bright lights induced a ''torpor-like'' state or a sensory distraction that led to a reduced escape response and thus a further increase in entrainment (Novales-Flamarique et al., 2006) . Chinook salmon smolt entrainment similarly increased under white strobe lighting in Mussen et al. (2014b) , and Kock et al. (2009) also found that strobe light illumination increased juvenile steelhead entrainment at turbine induction slot inlets. Considering (i) the statistically significant increase in entrainments at night under blue and white light, and (ii) the need to improve the effectiveness of existing fish bypasses for downstream migrants and fishways for upstream migrants, future work should explore optimal light intensities for attraction. In this study, white and blue light emitting at an intensity of * 1-6 lmol/ m 2 /s (dependent on the distance from the light source, Table S1 ) was attractive to Chinook salmon smolts and should be used as a guide for future experimental designs using Chinook salmon smolts and other salmonids.
Overall entrainment was comparable to that found in a previous study (Mussen et al., 2013) , which used the same flume at the same water diversion rate (0.57 m 3 /s) and sweeping velocity (0.15 m/s). However, the Chinook salmon tested in that study were larger [* 13.0 ± 0.15 cm FL (Mean ± SE)] than in the current study (9.0 ± 0.04 cm FL (Mean ± SE)). Entrainment in the current study was much lower than in Mussen et al. (2014b) which had comparable fish sizes; however, those trials ran for twice as long (120 compared to 60 min) and had a greater density of fish in the flume (37.5% greater). If one compares the entrainment per pipe passage between the sets of experiments, the results are more similar: * 2% (Mussen et al., 2013) , and * 4% (Spring), * 1% (Summer) (Mussen et al., 2014a) compared to * 0% in the current study in control conditions and * 6% with the blue light on (median values). Mussen et al. (2015) had higher entrainment per pipe passage, up towards 15%; however, fish in these experiments were particularly small at 6.6 ± 0.6 cm FL (Mean ± SE). Entrainment of juvenile Chinook salmon in natural waterways passing similarly sized water diversion pipes is unknown. A study at Princeton Pumping Plant calculated a 0.05% entrainment risk for juvenile Chinook salmon (Hanson, 2001 ) but extrapolating these findings along with ours to estimate wild fish entrainment risk is very difficult given the limited information regarding the locations and operation schedule for unscreened diversions and the paucity of information about space use of Chinook salmon around these pipes.
The low percentages of fish entrainment per pipe passage across experiments generally suggests that the fish can sense the water diversion pipe and move past it at a safe distance ([ 44 cm, Mussen et al., 2013) and avoid becoming entrained. Chinook salmon smolts avoid moving into novel, darkened structures and also avoid areas of increased water velocity (Kemp et al., 2005; Enders et al., 2009) . During the day, fish likely could see the pipe and may have been visually deterred by it. At night, however, despite reduced or even absent visual cues in the control (LED off) treatment, fish were still able to largely avoid being entrained. It is likely that they used their lateral line to sense the change in flow direction and velocity and avoid the area. Water velocity increases dramatically as fish approach the diversion pipe intake, by a factor of 17 compared to the main channel sweeping velocity, and it may be that the fish that did get entrained were simply unable to react fast enough to the velocity gradient (Mussen et al., 2013) . Critically, even if entrainment per pipe passage is low, management agencies must be mindful that smolts may encounter hundreds of these unscreened pipes during their out migration.
Chinook salmon have evolved a visual system that ensures they can function effectively in different environmental light conditions (Munz & McFarland, 1977; Levine & MacNichol, 1979 , 1982 and have photoreceptors which are sensitive to all the spectral wavelengths tested (Novales-Flamarique, 2005) . Maximum spectral sensitivity in Chinook salmon smolts (in their rods) is in the lower-middle wavelengths (500 nm, greener light) (Novales-Flamarique, 2005) , but it was hypothesized red would be the most repulsive spectra due to results in previous experiments (Hansen et al., 2018) and because in natural conditions of the Pacific coastal and river systems it contrasts best with background light (Novales-Flamarique & Hawryshyn, 1993) . Indeed, red light was less attractive than blue or white light, having significantly fewer entrainment events at night; however, it was still attractive compared to the off treatment (control). Blue light is closer to the maximal spectral sensitivity in the rods of Chinook salmon smolts than red light is; however, it is not conclusive how exactly these sensitivities translate to the movement behavior of Chinook salmon smolts navigating past an LED behavioral guidance device. While spectral sensitivity was a good predictor of behavioral response in other species, with peak spectral sensitivities resulting in repulsion in Plecoglossus altivelis (Temminck & Schlegel, 1846) (Hino, 1979; Furuse, 1999) and attraction in Acipenser transmontanus , previous experiments emitting light at the maximal spectral sensitivity of Chinook salmon smolts did not translate to effective repulsion or attraction (Hansen et al., 2018) . Precisely how these results extend beyond juvenile Chinook salmon to other salmonids is an area that needs further research. Comparative work has shown that salmonids generally have a non-specific visual system that is predominately dominated by middle wavelength sensitivity (Niwa & Tamura, 1969; Parker & Hawryshyn, 2000; Nakano et al., 2006) . Therefore, results from this study could help inform research on other species of salmonids. However, considering our work did not establish a correlative link between spectral sensitivity and effective repulsion and attraction of juvenile Chinook salmon, and that spectral sensitivity changes according to environmental stimuli and state of maturation (Beatty, 1966; Tsin & Beatty, 1977; Cheng & Novales-Flamarique, 2004; Novales-Flamarique, 2005) , we would be hesitant to extrapolate these results too far.
The null effect of spectra treatment during the day [as opposed to previous experiments where it had a significant effect (Hansen et al., 2018) ] may be partially explained by differences in the ambient light environment. In Hansen et al. (2018) , there was up to an eightfold increase in the quantum flux light readings (lmol/m 2 /s) when the behavioral guidance device was on compared to when it was off. The exact difference was dependent on the wavelength emitted and the distance to the behavioral guidance device at which the reading was taken (Hansen et al., 2018) . Hansen et al. (2018) was conducted indoors in a much smaller flume than the current experiment, which was conducted outside (under a large canopy) in a large flume more closely mimicking environmental conditions found near water diversion pipes on the Sacramento River. Here there was a maximum 2.5-fold increase in the quantum flux light readings (lmol/m 2 / s) when the behavioral guidance was on compared to when it was off (see Table S1 ). In addition, this twofold increase was only when the light reading was taken 1 ft from the behavioral guidance device. The difference in light was reduced to almost nothing at further distances (see Table S1 ). When this is taken into consideration it is perhaps not surprising that there was no effect of spectra treatment during the day. The result instead reflects the importance of ambient light conditions and environmental context for the effectiveness of using a light source for behavioral guidance. Therefore, while overall light intensity is known to be important for determining the effect of a light source on Chinook salmon movement behavior (Nemeth & Andersen, 1992) , it is very likely that the difference in intensity between the light source and the background light is similarly critical (Levine & MacNichol, 1982; Novales-Flamarique & Hawryshyn, 1993 , 1994 , which will be of practical concern when placing the behavioral guidance device in the natural environment where ambient light levels will fluctuate dramatically on an hourly and seasonal timescale.
Future experiments should consider varying other environmental variables that will likely affect movement and visual stimulation in Chinook salmon smolts. Although difficult to manipulate at large scales, temperature will be important considering its effect on social interactions, exploration, and activity rates (Peck et al., 2009; Bartolini et al., 2015) . In our study, entrainment was less at higher temperatures, and it is possible that an increase in swimming performance may partially explain this ; however, much more research needs to be conducted. It is also vital to consider turbidity, as increased particulate matter ('gelbstoff': short-wave absorbing compounds) will cause changes in both light intensity and spectral frequency, shifting background light to longer wavelengths (Levine & MacNichol, 1979; Utne Palm, 2002) , and has also been shown to change fish migratory behaviors (Lloyd et al., 1987; Newcombe & MacDonald, 1991) . As well as a systematic assessment of the response of fish to combinations of environmental factors, due to the complexity of environmental factors that may affect the attraction or repulsion of fish to the underwater behavioral guidance device, pilot studies should be undertaken in natural waterways at water diversion sites of special concern. Tracking of fish movement near water diversions in natural waterways and in laboratory flumes (for example, with DIDSON technology (Boswell et al., 2008) ) will help determine encounter rates and more precise movement characteristics, which will greatly assist management decisions as well as the design of future manipulative experiments.
Conclusions
The results of this experiment suggest that using the ATET-tech behavioral guidance device to repel Chinook salmon smolts from water diversion pipes on the Sacramento and San Joaquin rivers may be ineffectual and likely increase entrainment during the night. However, the potential attractive qualities of the blue and white light are promising from a management perspective and future studies should explore whether these spectra can be utilized as an attractant system to guide fish towards a bypass near water diversion infrastructure or improve the effectiveness of fishways. There is also the need to determine the optimal light intensity for attraction for blue and white light. This has been a successful area of research with age-0 white sturgeon (Acipenser transmontanus), where incorporating the guidance device emitting green light at 20 Hz with a louver has been effective at increasing bypass ratios (Ford et al., 2017 . members for all their assistance with fish rearing and flume operation. The authors also thank two anonymous reviewers for constructive comments towards improving this manuscript.
Compliance with ethical standards
Conflicts of interest PHP and MS are principals of ATETTech, the manufacturer of the LED device tested here. None of the other authors have a financial stake in ATET-Tech. Although PHP and MS were involved in study design and interpretation, all data were collected by the academic research team.
Ethical approval All applicable international, national, and/ or institutional guidelines for the care and use of animals were followed. All procedures performed in studies involving animals were in accordance with the ethical standards of the University California, Davis.
